Detailed observations of temperature evolution are required to clarify the mechanism of the nocturnal evolution of urban heat island. We conducted spatial and temporal high-density observation of temperature and longwave radiation in Kyoto City, Japan. The results suggest that the time evolution associated with temperature phase shift is one type of urban heat island evolution.
Introduction
An urban heat island develops when rural cooling rates are greater than urban ones in the evening and at night (Oke and Maxwell 1975) . The urban heat island is caused by a difference in heat budgets between urban and rural areas. As the causes of the difference in the heat budget, several factors have been considered: an anthropogenic heat, a difference in thermal response between urban and rural areas, the amount of evaporation and so on (e.g. Oke 1981 ). Each factor is considered to cause a specific temperature evolution between urban and rural areas in the evening and at night. Therefore the time evolution associated with the temperature decrease in that period is important for clarifying the mechanism controlling the urban heat island evolution. Oke and Maxwell (1975) observed temperatures in urban and rural areas and concluded that rural cooling can be expressed as a function of the square root of time, but urban cooling exhibits a linear time dependence. From the results, they excluded a thermal inertia as the causes of temperature evolution of urban area. In contrast, Haeger-Eugensson and Holmer (1999) divided a time series of cooling rate into three phases (phase a, b, and c) and discussed the relationship between these phases and the urban heat island circulation. Corresponding to the phase change between the phases a and b, the temperature reduction in urban areas appears to have two different gradients. They suggested that an advection associated with the heat island circulation decreased the temperature gradient. In those studies, maximum heat island intensity (temperature difference between urban and rural areas) occurred at two to five hours after sunset. Those studies, however, analyzed the time evolution using one-hour data, which is not a sufficient time resolution to discuss the temperature decrease occurs in a few hours. A more detailed investigation of the temperature evolution requires air temperature data with higher time resolution.
In this study, temporal and spatial high-density temperature observations were conducted in order to investigate how temperature varies in an urban heat island. The nocturnal temperature variation is caused mainly by a radiative cooling, an advection, and an anthropogenic heat. This study also describes longwave radiation and discusses the mechanism causing temperature evolution.
Methods

Study area and site description
Kyoto is located in a basin, which is surrounded on its northern, eastern, and western sides by mountains, in the central-western part of the island of Honshu, Japan. Kyoto has a population close to 1.5 million. A built-up area is situated in the center of the basin. The southern area of the basin is covered with rice fields.
A total of 36 sites were selected in the study area to form a lattice network covering both urban and rural areas. The site locations are plotted in Fig. 1 . Figure 1 also shows the land-use patterns of Kyoto.
In Fig. 1 , the air temperature distribution that was observed in this study at 19:40 on 20 May, 2005, is represented by red dashed lines. As depicted by this temperature contour, the highly built-up area in center of this map has higher temperature than that in surroundings and you can see the temperature contour like "a heat island": a typical urban heat island occurs in this study area.
Instrumentation and measurements
For the observations we used instruments developed by Sakai et al. (2009a) : thermometers, longwave radiation meters, and data loggers. A thermistor thermometer (103JT-050, manufactured by Ishizuka Electronics Corporation) with a radiation shield was used for temperature measurement. These instruments were calibrated to the values of standard sensor within ±0.1°C. Although Sakai et al. (2009a) reported that the observations with these radiation shields were slightly affected by solar radiation in daytime, the effect of solar radiation left out of consideration in this study which deals with evening to nighttime temperature. The thermistor thermometer was installed at a level of 1.5 m above the ground. A radiation thermometer (Sakai et al. 2009b ) was used as a longwave radiation meter. The mean longwave radiance from the whole hemisphere is equal to the radiance from the "representative zenith angle," which has a value of 52.5 degree (Dalrymple and Unsworth 1978) . We measured the radiation from the representative zenith angle using a radiation thermopile (15TP551N, manufactured by Ishizuka Electronics Corporation). This longwave radiation meter observes downward radiant flux. Net upward radiant flux can be also estimated by assuming that the air temperature is equivalent to the surface temperature. The data were gathered using electronic data loggers. (19:00, SSW; 20:00, W; 21:00, N) . The meteorological office is located approximately two kilometers west of site C5. The time of the wind direction change corresponds to that of the cooling rate peaks at C5. This result suggests that the phase change of temperature evolution is closely related to the change in wind direction. Figure 3 shows contour lines of the time when cooling rate peaked after 18:00 on 7 March, 2005. The times represented in Fig. 3 denote the times when the slope of a linear approximation line during 30 minutes was a local maximum. In order to eliminate noise, values of cooling rate below a threshold were removed. The threshold was defined by AVE + SD × 2 for each site, where AVE is the average value and SD is the standard deviation of cooling rate from 18:00 to 06:00 on the next day. In the area south of site C8, as observation sites are located only along a straight line, Fig.  3 shows the contours of only the northern part of the study area. The cooling rate peak moved from the rural area to the urban area as shown in Fig. 3 . This result indicates that the phase shift of temperature evolution as well as that in Fig. 2 occurred over the whole study area. The time when the peak cooling rate goes through the Kyoto Local Meteorological Office was at 19:50 as shown in Fig. 3 . It corresponds to the time when the wind direction at the meteorological office changed from SSW (19:00) through W (20:00) to N (21:00).
To examine the relationship between the wind direction change and the phase change of temperature evolution, days in
Observations and data reduction
We recorded observations of eight periods, once in every season during [2004] [2005] [2006] . A list of observation periods and number of sites is provided in Table 1 .
The air temperature was recalculated to sea level using the dry adiabatic lapse rate (1.0°C/100 m) and was averaged for 10-minute periods.
Results
Figure 2 shows air temperatures and cooling rates at sites C1 to C7 from 12:00, 7 March to 12:00, 8 March, 2005. Figure 2 also shows downward longwave radiation at sites C1, C4, and C6. In this time period, except before 16:00, the sky was clear, as seen from the longwave radiation data, which has an almost constant value. Air temperatures during the daytime were almost the same at different observation sites. In contrast, at night the temperatures in urban and rural sites were different.
To examine the temperature evolution, we focus on the temperature series of sites C1 (rural site, red line) and C6 (urban site, blue line). The temperature difference between C6 and C1 is shown in Fig. 2 as a blue bold line. From about 16:00 both air temperatures decreased. In a few tens of minutes after sunset (17:58), the temperature at site C1 dropped significantly and the temperature difference became large. When the C1 temperature dropped significantly, the phase of temperature evolution appeared to change: there were two phases of temperature evolution. Around the turning point of the phases, the cooling rate of C1 represents the maximum value. The temperature evolution phase at C6 changed a few hours later than that at C1. During the time period between the phase change at C1 and C6, the temperature difference between C6 to C1 became larger. At the time of the phase change at C6, the heat island intensity (C6 to C1) reached its maximum value.
This phase change and cooling rate peak were also visible in the temperature series of other sites. The phase changes moved from northern sites to southern sites (Fig. 2) . At the times of the cooling rate peaks, the longwave radiation did not fluctuate, indicating that the cooling rate change was not caused by longwave radiation. On the other hand, a wind direction change from south to north was observed at the Kyoto Local Meteorological Office near the time of the cooling rate peak, as shown in Fig. 2 which the wind direction changed were selected from the wind data of the Kyoto Local Meteorological Office over the whole observational period. A total of 31 days (out of 100 days) showed a change in wind direction from south to north only once during the period from three hours before to three hours after sunset. In order to remove the day when the wind direction is not stable, it was extracted only the days on which the wind direction has changed during the period only once. For these wind direction change days, 19 days showed temperature phase change at site C6 and 12 days did not show a phase change. Whether the phase change occurred or not was estimated by following two equations:
where T(t), CR(t), t 0 are a temperature, a cooling rate, and a time when a phase change occurred, respectively. The values AVE, SD are the average and standard deviation of cooling rate from sunset to 06:00 on the next day. Figure 4 shows the temperature series at site C6 for the days with a wind direction change. In Figs. 4a, b , the temperature evolution with and without phase change are plotted. Approximately 60% of the days when the wind direction changed from south to north experienced temperature phase change. This result suggests that the phase change of temperature evolution is closely related to the change in wind direction.
Discussion
Phase change of temperature evolution
The observational results described above suggest that the time evolution associated with temperature phase change is one type of urban heat island evolution. Moreover, the temperature evolution indicates that the temperature phase shift was closely related to the change of wind direction. We divide the time evolution into two phases: Phase A, before the shift; Phase B, after the shift. The periods of these phases corresponding to our observational data at site C6 are marked on Fig. 2 . During Phase A, the heat island intensity rises. When the intensity reaches a maximum value, the wind direction changes; this time corresponds to the beginning of Phase B.
This time evolution resembles the conceptual model of Haeger-Eugensson and Holmer (1999) in some aspects. HaegerEugensson and Holmer (1999) proposed a conceptual model of urban heat island development on the basis of their measurements of urban and rural cooling rates. The model has three phases: phase a, differential cooling; phase b, transition; and phase c, stabilization. In phase a, different cooling rates in urban and rural areas rapidly increase the heat island intensity. At the beginning of phase b, the wind speed slowly increases the urban heat island circulation and entrainment of cooler rural air increases the urban cooling rate. The heat island intensity thus decreases toward a stable value in phase c, wherein the two cooling rates as well as the heat island intensity, wind speed, and wind direction become stable. The results of this study are in good agreement with the conceptual model, where Phase A and Phase B correspond to phase a and the period of phase b and phase c, respectively.
However, there is a difference between the conceptual model and our results in terms of cooling rate evolution. At the phase shift between Phases A and B, although the conceptual model shows no remarkable change in cooling rate, our results show that there is a front line where the cooling rate drastically increases (Fig. 3) . The time period when the cooling front reaches the urban area from the rural region is Phase A. The existence of the cooling front is revealed by our high-density observations, whereas the conceptual model is based on one-hour resolution data. Oke and Maxwell (1975) concluded that urban cooling exhibits a linear time dependence from their observations with one-hour resolution. Our high-resolution observations, however, suggest that if the actual air temperature evolution has two slopes, as seen in Fig. 2 , the time series may appear linear in coarse time-resolution observations and it will not be possible to distinguish the phase shift.
Those and our studies targeted the study areas with different topographical aspects: Oke and Maxwell (1975) , a plain field; Haeger- Eugensson and Holmer (1999) , an intersection of three valleys; this study, a basin. In spite of the differences, those three studies observed almost the same time evolution of heat island intensity which reaches its maximum value two to five hours after sunset. It suggests that the time evolution generally occurs independently of topographical aspects. In this study, it is not clear whether the advection, which plays an important role in Phase B, is derived from the heat island circulation, as mentioned in Haeger-Eugensson and Holmer (1999) . As Kyoto City is surrounded to the north, east, and west by mountains and is located about 50 km northeast of the sea, the advection may have originated from mountain and valley winds or land and sea breezes. For some of our observations, however, the phase shift of temperature moved to the urban area from the rural areas to both the north and the south. Figures 5a, b show the temperature series from 15:00, 5 May to 09:00, 6 May, 2006, in the northern and southern parts of the C line. Figure 5 indicates that heat island circulation occurred during that period and the temperature phase change moved to the built-up area from the rural areas on both sides.
Cause of temperature evolution in Phase A
Phase A is the period in which the heat island intensity increases because the rate of temperature decrease in the urban area is lower than that in the rural area. The factors which cause the urban heat island are considered to be an anthropogenic heat, a difference in thermal response between urban and rural areas, the amount of evaporation and so on (e.g. Oke 1981 ). In the period of Phase A, an effect of advection is not dominant. In order to investigate the cause of temperature evolution in Phase A, relationship between temperature evolution and radiative cooling is analyzed as follows. The difference in the temperature change rate with respect to time (DT/Dt) between urban and rural sites is the change rate of heat island intensity (HII ): Figure 6 shows the relationship between DHII/Dt and radiative cooling in Phase A. The temperatures in the urban and rural areas are represented by the temperatures at sites C6 and C1, respectively. In order to eliminate the effect of solar radiation, the temperature data from 30 minutes before to 2 hours after sunset were analyzed. The amount of radiative cooling means net upward longwave radiation. The red line in Fig. 6 is the linear approximation estimated by the least-squares method. The slope is a statistically significant positive value. This result indicates that the rate of change of heat island intensity is positively correlated with radiative cooling. The intercept of the regression line with the vertical axis indicates the rate of change of heat island intensity when the radiative cooling is zero. The value of the intercept is not statistically significant from zero. It indicates that the heat island intensity does not increase without radiative cooling and therefore the temperature difference in urban and rural areas is left of almost zero. This finding suggests that factors other than radiative cooling that may have affected heat island intensity had a smaller effect on the time evolution of heat island intensity in Phase A. A radiative cooling, that induces different thermal responses between urban and rural areas, was the main cause of temperature changes in Phase A.
Conclusion
To investigate how temperature decreases in an urban heat island, spatial and temporal high-density observations were conducted in Kyoto City. Approximately 60% of the days when the wind direction changed from south to north during the period from three hours before to three hours after sunset experience temperature phase change. The front line at which the cooling rate peak corresponded to the phase shift moved to the urban area from the nearby rural areas. This time evolution is consistent with the conceptual model of Haeger-Eugensson and Holmer (1999) . The two phases (A and B) are suggested to be controlled by different mechanisms: Phase B is dominated by advection whereas Phase A is affected mainly by radiative cooling. 6 . Relationship between the rate of change of heat island intensity (DHII/Dt) and net upward longwave flux in Phase A. The red line indicates the linear approximation estimated using the least-squares method.
